Previous study identified 6-7 millennial-scale episodes of South Atlantic ice-rafted sediment deposition (SA events) during the glaciation. Questions remain, however, regarding their origin, significance for sea-ice and/or Antarctic ice-sheet dynamics, and relationship to climate. Here I correlate sediment core (TTN057-21) SA events to Greenland and Antarctic ice using two independent methods, stable isotopes and geomagnetic paleointensity, placing SA events in the context of polar climate change in both hemispheres. Marine isotopic stage (MIS) 3 SA events generally coincided with Greenland interstadials and with cooling following Antarctic warm events (A1-A4). This anti-phase behavior is best illustrated when SA0 coincided with both the Antarctic Cold Reversal and Bolling-Allerod warming in Greenland. Moreover, SA events coincide with sea-level rises during the deglaciation (mwp1A) and MIS 3 (30.4, 38.3, 43.7, 51.5 ka), implying unpinning of grounded Weddell Sea region ice masses discharged debrisladen bergs that had a chilling effect on South Atlantic surface temperatures.
Stable Isotopic Correlations
The records of benthic δ 13 C in the South Atlantic and δ 18 O in the Greenland ice-core (GISP2) resemble one another on millennial timescales (Johnsen et al., 1992; Grootes et al., 1993) . Maxima in benthic δ 13 C represent periods of strong North Atlantic Deep Water (NADW) formation (Oppo et al., 1990; Charles et al., 1996) . Strong NADW formation necessitates significant poleward transport of surface water, resulting in the poleward transfer of heat, thus warming the North Atlantic (Manabe and Stoufer, 1997; Broecker, 1998) . Such warming of the North Atlantic region is recorded in GISP2 as maxima in δ 18 O. Therefore, both benthic δ 13 C in the South Atlantic sediments and δ 18 O in Greenland ice are a function of changes in NADW production (Charles et al., 1996) .
Prior comparison of the records of total lithics and benthic δ 13 C in South Atlantic core TTN057-21 revealed that SA events are associated with high benthic δ 13 C values (Kanfoush et al., 2000a) . Furthermore, correlation between maxima in the benthic δ 13 C record from TTN057-21 and the δ 18 O record from GISP2 implied a relationship between South Atlantic ice discharge events and strong interstadial events in the North Atlantic region. In addition to warming of the North Atlantic, the "bipolar see-saw" hypothesis purports that enhanced NADW formation and associated increased crossSharon L. Kanfoush 3 equatorial heat transfer leads to consequent cooling in the southern hemisphere (Manabe and Stoufer, 1997; Broecker, 1998) . Therefore if SA events correlate with warm events over Greenland, as suggested by the benthic δ 13 C correlation, then the timing of SA events may coincide with the initiation of cooling over Antarctica. Even on their independent chronologies, peaks in each benthic δ 13 C in TTN057-21 and δ 18 O in GISP2 are nearly synchronous (Figure 2a ). Greenland-Antarctic ice-core correlations have previously been constructed on the basis of atmospheric methane concentration (Blunier, 1998; Blunier and Brook, 2001) . Therefore, as seen in Figure 2b , plotting the Byrd Ice Core on the GISP2 age model enables me to compare the timing of SA events with regional temperature recorded in Byrd (Johnsen et al., 1972; Blunier and Brook, 2001 ).
Figure 2. (A)
Comparison of the benthic δ 13 C of TTN057-21 (black line) with the δ 18 O record of the Greenland ice core GISP2 (gray line, Johnsen et al., 1992; Grootes et al., 1993; Kanfoush et al., 2000a) , each plotted on their independent chronologies. The two records bear a striking resemblance, implying both the South Atlantic benthic δ 13 C signal and temperature proxy signal are responding to NADW production (Oppo et al., 1990; Charles et al. 1996) . (B) The Byrd ice core has been transferred onto the GISP2 chronology by correlation of the methane concentration in each (Blunier and Brook, 2001) . Consequently, the timing of SA events (black line) can be compared with climatic events recorded in δ 18 O record of Byrd (gray line, Johnsen et al., 1972) . The position of SA-6 recorded in TTN057-13/1094 is indicated.
Planktic δ 18 O in TTN057-21 bears obvious resemblance to both Vostok δD and Byrd δ 18 O and provides an independent, and more direct, means to achieve correlation between South Atlantic sediments and Antarctic ice (Figures 3a, 3c) (Johnsen et al., 1972; Jouzel et al., 1987; Ninnemann et al., 1999; Petit et al., 1999; Mortyn, 2000; Mortyn et al., 2003) . The cause of the observed anticorrelation of foraminiferal δ 18 O with Vostok δD and Byrd δ 18 O lies most plausibly in a common response of the climate system to surface temperature. Prominent warm events recorded in the ice-core records (including events A1-A4 within MIS 3) are clearly discernible in the planktic δ 18 O record (Mortyn, 2000; Mortyn et al., 2003) . Alignment of prominent features common to each the South Atlantic sediment core and Antarctic ice core records enables synchronization of their chronologies, thus allowing comparison of the timing of SA events relative to climatic events over Antarctica. Icecore records from East and West Antarctica, however, have revealed some differences in climate between the two regions (Steig et al., 1998 (Steig et al., , 2000 . Therefore, the marine record from 41°S was correlated both to Vostok of East Antarctica and to Byrd of West Antarctica (Figures 3a, 3c ). (Petit et al., 1999) . (B) The resulting correlation thus enables comparison of the IRD record of TTN057-21 (black line) with climatic events recorded in East Antarctic ice (Vostok δD; gray line), each shown on the Vostok chronology. (C) The planktic δ 18 O record of TTN057-21 (black line) correlated to Byrd δ 18 O (gray line), thereby transferring TTN057-21 onto the Byrd (GISP2) chronology (Grootes et al., 1993) . (D) The resulting correlation thus enables comparison of the IRD record of TTN057-21 (black line) with climatic events recorded in West Antarctic ice (Byrd δ 18 O; gray line), each shown on the common chronology (Johnsen et al., 1972; Blunier and Brook, 2001 ).
Paleointensity-Assisted Correlation
The power of the marine-ice correlations presented here, developed using stable isotopes, is that they enable comparison of the timing of millennial South Atlantic IRD events relative to climatic events recorded in Antarctic and Greenland ice-cores and thus provide an opportunity to potentially identify or eliminate the triggers of SA events. However, these correlations rely on the assumption that each proxy shares the common control of climate. A promising means of independent verification of the Sharon L. Kanfoush 5 marine core-ice core correlations achieved on the basis of stable isotopic records lies within recent and ongoing studies of geomagnetic paleointensity variations (Stoner et al., 1995a (Stoner et al., , 1998 (Stoner et al., , 2000 . Geomagnetic paleointensity variations have been shown to display global variance at millennial timescales (Tric et al., 1992; Meynadier et al., 1992; Stoner et al., 1995a; Guyodo and Valet, 1996) . Variations in geomagnetic paleointensity control the flux of 10 Be and 36 Cl, isotopes readily measurable in ice cores (Robinson et al., 1995; Masarik et al, 1999; Yiou et al., 1997; Baumgartner et al., 1998; ) . Therefore, paleointensity variations recorded within marine sediments can be directly correlated to other sediment records (Channell et al., 1997; Stoner et al. 1998; Laj et al., 2000) as well as to Antarctic (Raisbeck et al., 1987; Mazaud et al., 1994) and Greenland ice (Baumgartner et al., 1997; Yiou et al., 1997; Voelker et al., 1998; Wagner et al., 2000) .
Substantial progress has been made by others (2000, 2002) toward developing a common global chronostratigraphy enabling comparison of marine sediment records and ice-core climatic records from the North and South Atlantic regions each transferred onto the GISP2 ice-core age model. Included within this developing global framework is the South Atlantic paleointensity stack (SAPIS) of which TTN057-21 is a part. Stoner and others (2002) placed the marine cores within the common SAPIS stratigraphy using a combination of common lithologic features (from magnetic susceptibility), planktic and benthic isotopic features, and geomagnetic features and then correlated SAPIS to a North Atlantic paleointensity stack (NAPIS; Laj et al., 2000) that has been correlated to Greenland ice using the planktic δ 18 O data of Voelker and others (1998) on PS2644-5 (one of the cores comprising the NAPIS stack) and GISP2 δ 18 O (Grootes et al., 1993; Stuiver and Grootes, 2000) . Stoner and others (2000; 2002) also individually correlated the paleointensity data of South Atlantic core TTN057-21 to that of MD95-2024 (Labrador Sea) that they had previously correlated to GISP2 using the assumption that detrital layers in MD95-2024 correlate to cold stadials in Greenland ice, thereby transferring South Atlantic core TTN057-21 onto the GISP2 chronology (Bender et al., 1994; Meese et al., 1994) . A test of the marine core-ice core correlation between TTN057-21 and GRIP can be seen in Figure 4a in which the resulting correlation between TTN057-21 and GRIP is strongly consistent with the inverse relationship between relative paleointensity and 36 Cl flux, respectively, for the older portion of the record (>40 ka). For the younger portion of the record the correlation results in poor alignment in prominent features in each paleointensity and 36 Cl and, thus, remains uncertain.
With TTN057-21 transferred onto the GISP2 chronology, regional marine-ice core correlation between TTN057-21 and Vostok was then accomplished using the synchronization of Greenland and Antarctic ice-core chronologies on the basis of methane concentration in trapped gas (Blunier et al, 1998; Stoner et al., 2000) . Despite the substantially lower resolution of the cosmogenic isotope record in Vostok, a convincing comparison results between relative paleointensity measured within TTN057-21 and 10 Be in Vostok (Figure 4c ) (Raisbeck et al., 1987; Mazaud et al., 1994) . On the basis of this correlation then, the South Atlantic record of ice-rafting can now be compared to inferred regional climate recorded in Antarctic ice to independently (in)validate the correlations achieved on the basis of planktic δ 18 O.
RESULTS

Stable Isotopic Marine-Ice Correlations
The correlation of benthic δ 13 C in TTN057-21 to δ 18 O in GISP2 (Kanfoush et al., 2000) and then methane in GISP2 to that of Byrd (Johnsen et al., 1972; Blunier, 1998; Blunier and Brook, 2001) suggests that many of the millennial-scale South Atlantic IRD events during MIS 3 (SA6, -5, -3 and perhaps also -4) occur on the cooling limb following prominent warm events (A3-A1) recorded in Antarctic ice (Figure 2b ). Even the smaller IRD peak (at ~56 ka) in TTN057-21 that occurs near SA6 in TTN057-13/1094 also occurs on the cooling following Antarctic warm event A4. Event SA4 is a multiple peak event with each higher-frequency event designated --4a, -4b and -4c, in chronological order. On the basis of this correlation, the largest of the peaks comprising this event (SA4b) occurs at a time of maximum regional cooling. Alternatively, if the double peak in benthic δ 13 C in TTN057-21 at ~43-44 ka is interpreted to correlate with, and hence shifted to align with, the single δ 18 O minima in GISP2 that represents Interstadial 12, the timing of SA4b alters such that it would fall on the cooling limb of A2. The SA events of MIS 2 and 4, in contrast, do not display a clear relationship with regional climate on the basis of this correlation. (Stoner et al., 2000; 2002) . Question marks indicate uncertainty in the correlation for the younger portion of the record. (B) Comparison of the timing of the South Atlantic record of ice-rafting (#lithics/g; black line) relative to inferred climate over Greenland (δ 18 O per mil; gray line). The chronology for both records is that of GISP2 (Bender et al., 1994; Meese et al., 1994; Stoner et al., 2000; 2002) . (C) Comparison of the records of relative paleointensity (PI; black line) of TTN057-21 and flux of the cosmogenic isotope 10 Be (10 4 atoms/cm 2 /yr; gray line) in Vostok resulting from combination of the paleointensity-assisted correlation of SAPIS to GRIP (Stoner et al., 2000; 2002) and Greenland-Antarctic ice-core correlations using methane gas concentration (Blunier, 1998) . Question marks indicate portions of the correlation that differ substantially from the isotopic correlation. (D) Comparison of the timing of the South Atlantic record of ice-rafting (#lithics/g; black line) relative to inferred climate over Antarctica (δD per mil; gray line). The chronology for both records is that of GISP2 (Bender et al., 1994; Meese et al., 1994; Stoner et al., 2000; 2002) .
The resulting correlation of TTN057-21 to Vostok achieved on the basis of planktic δ 18 O and deuterium, respectively, shows strong agreement with a correlation presented by Mortyn et al. (2003) between Vostok and a South Atlantic planktic isotope stack (of which TTN057-21 is a part). As predicted, the SA events of MIS 3 (SA6, -5, -4c and -3) occur on the cooling limb following peak interstadial warmth. Again, notable exceptions to the pattern are the SA events of MIS 2 (SA1 and SA2), which appear to precede Antarctic warming (Figure 3b ). The planktic δ 18 O correlation to Byrd yields a temporal relationship between millennial South Atlantic IRD events and Antarctic climate consistent with that observed in the correlation to Vostok whereby the SA events of MIS 3 occur on the Sharon L. Kanfoush 7 cooling limb following prominent Antarctic warm events (Figure 3d ). Each of these correlations, however, was based on the reasoning that the anti-correlation of foraminiferal δ 18 O with Vostok δD and Byrd δ 18 O was due to a common response of the climate system to surface temperature (Mortyn, 2000; Mortyn et al., 2003) . Whereas this is the simplest and certainly a plausible explanation, two means by which the relationship between SA events and regional climate can be substantiated include paleointensity-assisted correlations and examination of downcore phase relationships.
Paleointensity-Assisted Correlations
Comparison of the South Atlantic record of ice-rafting to inferred climate recorded in Greenland ice on the basis of this paleointensity-assisted correlation generally confirms the earlier correlation between benthic δ 13 C in TTN057-21 and δ 18 O in Greenland ice such that millennial South Atlantic ice-rafting events of the last glaciation, particularly those of MIS 3, are associated with prominent interstadial events in Greenland (Figure 4b ) (Kanfoush et al., 2000a) . The paleointensity-assisted correlation also supports the earlier assertion that SA events are not synchronous with but generally lag the Heinrich events. One exception to this pattern is SA2 that, on the basis of this correlation, is associated with only a very minor warm event occurring between IS4 and IS5 and occurs very near in time to H3. However, the phasing of this event relative to inferred Greenland climate is one of two differences noted between the South Atlantic -Greenland correlation achieved previously on the basis of benthic δ 13 C versus the paleointensity-assisted correlation (Kanfoush et al., 2000a; Stoner et al., 2000; 2002) . Event SA2 coincided with IS-5 in the former marine-ice core correlation, placing it prior to the occurrence of H-3, thus the phasing of this IRD peak remains uncertain. However, if the paleointensity-assisted correlation of Stoner and others (2000; 2002) is shifted such that between 40 and 30 ka closer alignment is achieved between the prominent maxima and minima in each paleointensity and 36 Cl flux, respectively, then the two independent correlations show stronger agreement with regard to the phasing of SA2. The other difference between the two correlations is with regard to the relative timing of the largest peak comprising SA-4, which is here associated with IS-11 whereas it was associated with the more prominent IS-12 in the previous (benthic δ 13 C) correlation (Kanfoush et al., 2000a) . The independent correlations (isotopic and paleointensity-assisted) display remarkable similarity, with only the timing of the multi-peaked event SA4 in disagreement between them (Figures 3, 4) . In the planktic isotopic correlation, SA4c falls on the cooling limb of Antarctic warm event A2 and SA4b occurs as Antarctic temperature rise is initiated. In contrast, in the paleointensity-assisted correlation SA4c is shifted such that it occurs earlier, at peak warmth of A2, and SA4b is shifted later to a time of peak Antarctic cool temperature (Figure 4d ). With only the exception of this multi-peaked event, however, the marine-ice core correlation achieved in part by paleointensity and supported here by direct comparison between paleointensity in South Atlantic sediments and cosmogenic isotopes in Antarctic ice supports the planktic isotopic correlation in suggesting SA events occur on the cooling limb following prominent millennial Antarctic warm events.
Downcore Phase Relationships
Comparison of the lithic and planktic δ 18 O records from Site 1094 in the South Atlantic reveals that many, but not all, of the major peaks in lithic concentration in TTN057-13/1094 immediately follow a low planktic δ 18 O event and are associated with increasing planktic δ 18 O values (Figure 5a, 5b) . In most cases, at 53°S each millennial IRD peak was deposited a few hundred years to more than a thousand years after the planktic δ 18 O minimum. This relationship is strongest during MIS 3, with each of the three large peaks in lithic concentration observed (SA4b, -4a, -3) immediately following a low planktic δ 18 O event, and somewhat less consistent at other times during the glacial. A fourth planktic δ 18 O minimum of lesser magnitude, however, is also present in the TTN057-13/1094 record of MIS 3 that has only a minor, un-named associated IRD peak. Early in MIS 3, one prominent IRD event occurs (SA6 at ~56ka) that is not accompanied by a low in the planktic δ 18 O signal. Two prominent IRD peaks (SA1 and SA2) are observed within MIS 2 prior to the beginning of the glacial termination. Unlike the phasing displayed in MIS 3, both lag minima in planktic δ 18 O values.
The precise lag amount between maxima in the planktic δ 18 O and IRD cannot be accurately determined due to the low resolution of the isotope record and limited chronological control resulting from the lack of or insufficient numbers of N. pachyderma (sin) in some horizons. Nonetheless the lag is consistently observed for each prominent IRD event of MIS 3 recorded at this site, and it cannot be explained by differential settling of the more dense lithic material in relation to the microfossils as that scenario would demand the reverse phase relationship.
The planktic δ 18 O record of TTN057-21 is more continuous and of higher resolution than that of TTN057-13/1094 (Figure 5b ). It contains several pronounced minima and, similar to TTN057-13/1094, many of these isotopic events is associated with a brief pulse in IRD. In contrast to the pattern observed in TTN057-13/1094, however, the relationship whereby IRD peaks lag somewhat the planktic δ 18 O minima is not consistent in TTN057-21. In each sediment record, outside the periods of increased IRD deposition, foraminiferal abundance is extremely low (Figure 6c and 6d) . In contrast, each of the prominent IRD peaks is accompanied by high foraminiferal abundance (Kanfoush et al., 2000a) . Scarcity of benthic foraminifera in TTN057-13/1094 precluded the development of a benthic isotope record at Site 1094. Comparison of the benthic δ 18 O and the IRD records in TTN057-21 reveals an inconsistent relationship between millennial IRD peaks and benthic δ 18 O at Site 1089 and only a limited similarity between the latter with the record of δD in the Vostok ice core (Figure 7 ) (Charles et al., 1996; Kanfoush et al., 2000) . 
DISCUSSION 5.1 Downcore Phase Relationships
The δ 18 O value of planktic foraminifera is potentially a combined signal, being a function of the temperature of growth and/or the δ 18 O of seawater, which is in turn a function of continental ice volume and salinity (Emiliani, 1955; Craig, 1965; Shackleton, 1974) . Thus, light planktic δ 18 O anomalies can represent either warming or meltwater or some combination thereof. Meltwater contribution to the site by melting of icebergs, however, would yield a near synchronous relationship between IRD and planktic δ 18 O minima or the planktic δ 18 O anomalies would lag. This implies, then, the planktic δ 18 O anomalies at these South Atlantic sites represent warming. The fact that the planktic δ 18 O record of marine sediment core TTN057-21 does not exhibit the consistent relationship seen in core TTN057-13/1094 whereby IRD peaks lag somewhat the planktic δ 18 O minima nonetheless suggests caution should be taken in concluding that the isotopic anomalies 10 Correlation of Ice-Rafted Detritus in South Atlantic Sediments with Climate Proxies in Polar Ice over the Last Glacial Period
International Journal of Ocean and Climate Systems represent warming. The higher resolution of the northern record raises concern in that, on the basis of this fact alone, one would deem it the more reliable record. Alternatively it appears the rapid isotope fluctuations, inferred warm-cold oscillations, of MIS 3 are grouped into somewhat longer-term (~5-10 kyr on average) bundles of progressively heavier δ 18 O values (Figure 6a ). Each prominent IRD event of MIS 3 is associated with one of these pronounced longer-term δ 18 O bundles, with the initiation of IRD deposition lagging the δ 18 O minima, thus supporting the marine-ice core correlations (Figure 6b ). Estimates of summer sea-surface temperature (SSST) derived from alkenones in TTN057-21 and from radiolarian assemblages in nearby Site 1089 each revealed millennial SSST oscillations during MIS 3 on the order of 1-3°C and 3-4°C, respectively (Sachs et al., 2001; Cortese and Abelmann, 2002) . The discrepancy in magnitudes may be because alkenones potentially suffer from allocthonous transport of organic matter by bottom water currents (Sachs et al., 2001) . Nonetheless, both methods generally support the interpretation of low planktic δ 18 O of MIS 3 as warming and also support the interpretation that the rapid warm-cold oscillations are grouped into longer-term bundles of progressively heavier δ 18 O values. One potential explanation then of the observed lag between planktic δ 18 O minima and IRD is that the ice discharge event terminated the inferred warming. In contrast to the phasing observed in MIS 3, event SA1 of MIS 2 peaks prior to the occurrence of minimum isotope values and SA2 occurs at a time of an isotopic maximum, inferred as a time of peak regional cooling. The pronounced peaks in foraminiferal abundance may result either from retreat of the winter seaice margin, warming of the surface South Atlantic or from iceberg-induced upwelling (Burckle et al., 1982; Grobe and Mackensen, 1992) . Alternatively, foraminifera may be incorporated into sea ice during its formation and subsequently melted out along with IRD (Dieckmann et al., 1991) . Microfossils show no evidence for sea-ice expansion to 41°S even at the LGM (Crosta et al., 1998; Brathauer and Abelmann, 1999) . Therefore, retreat of the winter sea-ice margin cannot account for the observed fluctuations in foraminifera in TTN057-21. Close examination of the phase relationship between foraminifera and IRD in TTN057-21 and TTN057-13/1094 reveals that, in each record, peaks in the two components occur synchronously. Coincidence of the foraminifera and IRD is consistent with iceberg-induced upwelling, lending support to the interpretation of iceberg-rather than sea ice-rafting mechanism for at least some of the IRD. Nonetheless, peak values in the foraminiferal abundance are substantially higher at both 53°S and 41°S during interstadial MIS 3 as compared to peak abundances during stadials MIS 2 and 4, arguing for at least some temperature control on productivity and again supporting the marine-ice correlations.
Paleointensity-Assisted Correlations
The coincidence of millennial South Atlantic IRD events with abrupt warming in Greenland and with the initiation of cooling, particularly with gradual cooling, in Antarctica is precisely what would be predicted by the "bipolar see-saw" hypothesis (Manabe and Stoufer, 1997; Broecker, 1998) and by recent interhemispheric correlations (Blunier, 1998; Blunier and Brook, 2001 ). Such anti-phase temperature of the North and South Atlantic regions as well as the association of a South Atlantic icerafting event (SA0) with each peak North Atlantic warmth (the Bölling interstadial; IS-1) and Antarctic cooling (the ACR) are clearly observed across the deglaciation (Figure 8) .
The pattern of South Atlantic ice-rafting during MIS 3 is similar to that observed during the deglaciation, whereby SA events coincide with warming in Greenland and with cooling in Antarctica. However, in contrast to the deglaciation during which event SA0 appears to be centered within the ACR very near peak cool temperatures, the SA events of MIS 3 occur on the gradual cooling limb of Antarctic interstadials. Unlike Heinrich events of the North Atlantic the SA events of MIS 3 do not typically occur at times of peak Antarctic cooling, nor do they exhibit a consistent amount of lag from peak warmth. IRD concentrations frequently reach peak values and decrease again prior to the maximum of the regional cold phases, signifying that increased SA events of MIS 3 are not simply a reflection of increased iceberg survivorship as ocean surface temperatures dropped. Although SA events of MIS 3 are each associated with a regional cooling trend and, therefore, could be interpreted as simply a linear response to regional climate forcing, the cooling interval prior to an SA event is of variable duration. In contrast, peak IRD delivery consistently coincides with near-peak values of benthic δ 13 C, interpreted as initiation of enhanced NADW formation and an abrupt rise in Greenland temperatures. If SA events are climatically driven, the more coherent relationship between SA events and changes in climate of the North Atlantic region during MIS 3 implies the origin of the millennial Antarctic ice discharge events during this interval lies there and is somehow transmitted southward.
One potential mechanism is a sea-level linkage whereby melting of Greenland ice associated with enhanced NADW formation and interstadial warmth elevated eustatic sea-level sufficiently to "un-pin" ice shelves of the Weddell Sea region (Denton et al., 1986; Huybrechts, 1990; Kanfoush et al., 2000a) . This model is consistent with the observed phase relationships. In addition, strong support comes from comparison of the record of South Atlantic ice-rafting with detailed sea-level curves emerging from studies of Barbados and the Huon Peninsula (Figure 9 ) (Lambeck and Chappell, 2001; Yokoyama et al., .5-, ~43.7-, ~38.3 and ~30.4-ka) relative to that of SA 5-2 (~51-, 43.5, ~37-and ~31-ka, respectively) is striking. The lack of a clear relationship of the SA events of MIS 2 and 4 with regional climate on the basis of these correlations, in contrast, suggests that sea-level rise was perhaps only an effective trigger of Antarctic ice discharge at times during the last glacial period when sea level was generally high (such as MIS 3) in relation to other times during this period. Figure 8 . Inferred temperature over Greenland as recorded in the GRIP ice core (δ 18 O per mil; gray line) and over Antarctica as recorded in the Vostok ice core (δD per mil; black line), each plotted on the GISP2 equivalent age model (Stoner et al., 2002) . The arrows mark the occurrence of ice-rafting events in the North Atlantic (Heinrich event H0; gray arrow) and South Atlantic (event SA0; black arrow). The millennial South Atlantic IRD event coincides with peak North Atlantic warmth (the Bölling interstadial; IS-1) and Antarctic cooling (the ACR).
Although seemingly not triggered by regional climate change, SA events may play a role in causing regional climate change. An interesting difference between Greenland and Antarctic climate records is that prominent ice-rafting events, Heinrich events, originating in the North Atlantic trigger a much stronger climate response in the Antarctic. Antarctica responds strongly to a dramatic drop in interhemispheric heat transport resulting from collapse of the conveyor triggered by freshwater input (Manabe and Stoufer, 1997; Broecker, 1998) . In Antarctic ice this is recorded as prominent interstadial events A1-4 during MIS 3 (Blunier et al., 1998) . The abrupt resumption of NADW formation coincident with prominent interstadials of the North Atlantic then contributes to the ensuing Antarctic cooling. Greenland, on the other hand, is already in a stadial mode at the start of a Heinrich event and beyond the reach of the glacial configuration of the oceanic conveyor, thus a Heinrich event leads to no further regional cooling (Ganopolski and Rahmstorf, 2001) . Antarctica, unlike Greenland, is not already in a stadial mode at the start of a prominent regional icerafting event. Regional insolation is high throughout MIS 3 and, that forcing alone, should lead to generally high regional temperature throughout this interval (Figure 9 ). Intense resumption of NADW formation, leading to increased cross-equatorial heat transport following Heinrich events, combined with ice-discharge into the South Atlantic may have periodically prevailed over the insolation forcing, Sharon L. Kanfoush 13 triggering the observed cold phases of the warm-oscillations that punctuate MIS 3 (Lagerklint and Wright, 1999) . This explanation is consistent with the observed lag between planktic δ 18 O minima and IRD in MIS 3. The ice-discharge into the South Atlantic evidenced by IRD layer SA0 may have similarly triggered the return to cooler conditions (the ACR) that briefly punctuated the southern hemisphere deglaciation . Figure 9 . (A) Comparison of change in eustatic sea level relative to today (Lambeck and Chappell, 2001 ; solid black line) with South Atlantic IRD in TTN057-13/1094 (dotted gray line) and TTN057-21 (solid black line). Many SA events (SA-5, -4, -3 and perhaps also -2) during MIS 3 are initiated or peak at times of millennial-scale highstands in eustatic sea level recorded at Barbados and the Huon Peninsula. An "x" indicates presence of a peak in IRD that does not coincide with a millennial highstand in sea level. (B) Comparison of January insolation at 65°S (Berger and Loutre, 1991; solid gray line) with South Atlantic IRD in TTN057-13/1094 (dotted gray line) and TTN057-21 (solid black line). Despite high regional insolation throughout MIS 3, regional temperature inferred from ice-core data reveals a series of millennial cold oscillations near in time to, and typically lagging slightly, influxes of icebergs responsible for the SA events. 
CONCLUSIONS
The sedimentary signature of the South Atlantic millennial IRD events differs somewhat with latitude. South of the PFZ, simultaneous deposition of ice-rafted quartz and volcanic ash is preceded by light planktic δ 18 O anomalies and accompanied by synchronous occurrence of high foraminiferal abundances. Although the planktic δ 18 O can represent either warming or meltwater or some combination thereof, the consistent lead-lag relationship suggests they represent in part warming. North of the PFZ, simultaneous deposition of quartz and ash is again accompanied by synchronous deposition of high foraminiferal abundances and associated with light planktic δ 18 O anomalies. At this latitude, a peak-to-peak comparison of IRD and planktic δ 18 O minima yields a variable phase relationship. However, rapid warm-cold oscillations recorded at 41°S appear to be grouped into longer-term cooling bundles, somewhat analogous to Bond Cycles of the North Atlantic region, and SA events occur on the cooling limb of these longer-term cycles. The impact of SA events on the surface South Atlantic at each site appears to include an immediate and pronounced local increase in productivity resulting perhaps from iceberg-induced upwelling or warming. South of the PFZ, planktic δ 18 O maxima immediately following IRD deposition imply a lowering of SST due to iceberg melting. North of the PFZ, the sediment record indicates that some light planktic δ 18 O anomalies follow IRD input and likely represent meltwater contribution from icebergs.
Marine-ice core correlation between the planktic δ 18 O signal at 41°S and temperature proxy records in Antarctic ice suggests SA events of marine isotope stage (MIS) 3 occur on the cooling limb following prominent millennial Antarctic warm events. Both downcore phase relationships and paleointensityassisted correlations (Stoner et al, 2000; 2002) independently support this correlation and the ensuing interpretations, suggesting the planktic δ 18 O signal at 41°S and temperature proxy records in Antarctic ice share a common response to surface temperature such that high-resolution records of planktic δ 18 O in this vicinity may be a useful tool for marine-ice correlations (Mortyn et al., 2003) . The strong correspondence of the paleointensity-assisted correlations to those achieved on the basis of each planktic δ 18 O and benthic δ 13 C reinforces its potential as a tool for global chronostratigraphy.
The coincidence of millennial South Atlantic IRD events of MIS 3 with abrupt warming in Greenland and with gradual cooling in Antarctica is precisely what would be predicted by the "bipolar see-saw" hypothesis (Manabe and Stoufer, 1997; Broecker, 1998) and by recent interhemispheric correlations (Blunier, 1998; Blunier and Brook, 2001 ). The SA events of MIS 3 consistently occur on the gradual cooling limb of Antarctic interstadials yet they do not typically occur at times of peak Antarctic cooling, nor do they exhibit a consistent amount of lag from peak warmth. The observed phase relationships do not eliminate Antarctic climate as the trigger of Antarctic ice discharge. However, if SA events are climatically driven, the synchronous relationship between SA events and North Atlantic interstadials during MIS 3 points to this region as a more likely candidate for this interval. Although perhaps not triggered by regional climate, millennial South Atlantic IRD events may, in combination with the intense resumption of NADW formation following Heinrich events, trigger regional climate change.
